Abstract Saccharomyces cerevisiae mutants which exhibit phenotypes (calcium resistance and vanadate sensitivity) similar to those of calcineurin-deficient mutants were isolated. The mutants were classified into four complementation groups (crvl,2,3 and 4). crvl was allelic to cnbl, a mutation in the regulatory subunit of calcineurin. The nucleotide sequences of CRV2 and CRV3 genes which complemented the cry2 and cry3 mutations, respectively, are identical to those of BCK1/SLK1/SKC1/SSP31 and MPK1/SLT2, respectively, which are both involved in the MAP kinase cascade. A calcineurin-deletion mutation (Acnbl), which by itself has no detectable effect on growth and morphology, enhanced some phenotypes (slow growth and morphological abnormality) of cry2 and cry3 mutants. These phenotypes of cry2 and cry3 mutants were partially suppressed by Ca 2 + or by overproduction of the calcineurin subunits (Crop2 and Cnbl). Like the calcineurin-deficient mutant, cry2 and cry3 mutants were defective in recovery from a-factor-induced growth arrest. The defect in recovery of the Acnbl mutant was suppressed by overexpression of MPK1. These results indicated that the calcineurin-mediated and the Mpkl-(Bckl-) mediated signaling pathways act in parallel to regulate functionally redundant cellular events important for growth.
Introduction
In animal cells, Ca2+/calmodulin-dependent protein phosphatase, also called calcineurin or protein phosphatase 2B, is involved in various aspects of cell biology, such as glycogen metabolism, T-cell receptormediated signal transduction and many other processes (for reviews see Klee et al. 1988; Cohen 1989; Liu 1993) . In the yeast Saccharomyces cerevisiae, two homologous genes CMP1/CNA1 and CMP2/CNA2, encoding the catalytic subunit (calcineurin A; Liu et al. 1991; Cyert et al, 1991) , and CNB1 encoding the regulatory subunit (calcineurin B; Kuno et al. 1991; Cyert and Thorner 1992) of calcineurin have been isolated and characterized. Although the deduced amino acid sequences of both subunits are highly conserved, these genes are dispensable for normal growth (Liu et al. 1991; Cyert et al. 1991; Cyert and Thorner 1992) . However, calcineurin-deficient mutants are more sensitive to Na +, Li +, and vanadate than the wild type (Nakamura et al. 1992 (Nakamura et al. , 1993 (Nakamura et al. , 1995 Mendoza et al. 1994) . On exposure of a calcineurin-deficient mutant (AcmplA crop2 or Acnbl) to high salt conditions, the internal Na ÷ level increases, while the K ÷ level falls below that found wild-type cells, suggesting that calcineurin is important for the maintenance of intracellular cation homeostasis (Nakamura et al. 1993; Mendoza et al. 1994) . Calcineurin is also required for recovery from growth arrest induced by a-factor (Cyert et al. 1991; Cyert and Thorner 1992) , and for Ca 2÷ (Cunningham and Fink 1994; Tanida et al. 1995) and Mn 2÷ homeostasis (Farcasanu et al. 1995) .
In the present study, we report the isolation and characterization of cry mutants, which exhibit phenotypes similar to those of calcineurin-deficient mutants. CRV2 and CRV3 are identical to previously identified genes encoding elements of the MAP kinase cascade. We propose a possible model in which the calcineurinmediated signaling pathway and the MAP kinase cascade act in parallel in similar processes required for cell growth.
Materials and methods

Strains, media and growth conditions
Yeast strains used in this study are listed in Table 1 . Escherichia coli JM109 was used as the recipient for plasmids. The composition of yeast media YPD and SD was described previously (Sherman et al. 1986 ). To prepare YPD medium containing CaClz, without formation of precipitates, autoclaved YPD medium was cooled to 55 ° C before adding a stock solution (4 M) of CaC12, to the desired final concentration. Sorbitol (1 M) was added, when required, to protect the mutants from cell lysis.
Recombinant DNA methods and sequence analysis Recombinant DNA manipulations and DNA sequencing were performed according to standard methods (Sambrook et al. 1989) . Plasmids YEpMPK1 and pTNM1 were constructed by inserting the 2.3-kb SalI-EcoRI fragment containing MPK1/CRV3 into the SalISinai site of the high-copy-number vector YEp24 and the SalIEcoRI site of the high-copy-number vector pYES2 (Invitrogen), respectively. Plasmid YEpCNB1 was constructed by inserting the 1.3-kb EcoRV fragment containing CNB1 into YEp24. The cohesive ends of the fragments were filled-in with Klenow enzyme before ligation. Plasmid YEpCMP2CNB1 was described previously . Plasmids YEpBCK1 (pSMA10) and YCpBCK1-20 were described by Irie et al. (1993) and Lee and Levin (1992) , respectively.
Mutant screening
S. cerevisiae W303-1A was grown to mid-log phase in liquid YPD medium. The cells were plated on YPD solid medium containing 0.7 M CaC12 at a cell density of 1 x 10 v cells per plate. About 3200 mutants that grew on high-Ca 2+ medium were picked up. The colonies were replicated onto YPD plates containing various metal ions (90 mM LiC1, 1.0 M NaC1, 6.0 mM MnC12 or 5.6 mM orthovanadate) to screen for the mutants with increased sensitivity to these ionic conditions. In total, 103 mutants that could not grow on one or more of these plates were obtained.
Gene disruption
Deletion alleles of MPK1 and BCK1 were constructed by the method of Rothstein (1983) . The 2.3-kb SalI-EcoRI fragment containing CRV3/MPK1 was cloned into plasmid pUC19. This plasmid was digested with Bali to eliminate about 50% of the MPK1 sequence, and ligated with a SrnaI-HincII fragment bearing the HIS3 gene (from pUC19 [HIS3] ). The 2.1-kb EcoRI fragment containing CRV2/BCK1 was inserted into the filled-in HindIII site in pUC19, digested with HindIII, and then ligated with a fragment containing HIS3. The cohesive ends of the fragments were filled-in with Klenow enzyme before ligation. The plasmids were linearized with PvulI and transformed into the W303 strain. Gene disruption was confirmed by Southern blot analysis.
Metal and drug sensitivity tests
Sensitivity of yeast to toxic metallic ions and drugs was assessed in two ways. 1. Liquid culture assay. Cells were inoculated into fresh YPD liquid medium containing various concentrations of CaC12 or vanadate (1 x 105 cells/ml), grown at 30°C with shaking, and the OD6o 0 values were measured at appropriate intervals. 2. Solid medium assay. Cells suspended in water (2 x 10 v cells/ml) were spotted (ca. 4 x 104 cells per spot) onto YPD plates containing various concentrations of drugs or metallic ions. The plates were incubated at 30°C (or indicated temperature) for 2 to 4 days. Minimum inhibitory concentrations (MIC) were determined as follows. Growth was examined on YPD plates containing various concentrations of metallic ions or drugs, and the MIC was defined as the lowest inhibitor concentration at which cells could not grow.
c~-Factor halo assay
The a-factor halo assay was performed as described by Cardenas et al. (1994) . Cells suspended in molten soft agar at a concentration of 3 x 105 cells/ml were overlaid onto a YPD plate. Paper disks containing 15 gg of synthetic a-factor (Peptide Institute Inc., Osaka) were placed on the surface of the plate, and incubated at 28 ° C for 4 days.
Results
Isolation and characterization of cry mutants
To identify additional genes that act in the calcineurinmediated signaling pathway, we screened for mutants that exhibit phenotypes similar to those of calcineurindeficient mutants. The first screen was done by selecting for growth on solid medium containing 0.7 M TNC1  TNC3  TNC33  TNC40  TNP36  TNP44  TNP46  TNP54  DHT14 MAT a ade2-1 Nakamura et al. (1993) CaCtz, because calcineurin-deficient mutants (Acmpl Acmp2 or Acnbl) display increased resistance to high Ca z+, and this property allows positive selection. About 3200 spontaneous Ca 2 +-resistant colonies were isolated from about 109 cells plated on solid YPD medium containing 0.7 M CaClz. These mutants were then selected for sensitivity to various metal ions, to which calcineurin-deficient mutants exhibit increased sensitivity. The media used for the selection were YPD solid medium containing 90 mM LiC1, 1.0 M NaC1, 6.0 mM MnC12 or 5.6 mM orthovanadate. In total, 103 mutants which could not grow in one or more of these plates were obtained, and the mutations were designated cry (for calcium resistant and vanadate sensitive), since the mutants were all sensitive to vanadate. Genetic analysis indicated that Ca 2 + resistance and vanadate sensitivity of the cry mutants were both recessive, and the mutants were classified into four complementation groups (cry1,2, 3 and 4). The properties of representative mutants of each complementation group are summarized in Table 2 . Yeast has single gene, CNB1, encoding the regulatory subunit of calcineurin. This subunit is essential for the phosphatase activity (Cyert and Thorner 1992) . As expected, one of the complementation groups cry1 was allelic to cnbl. The growth behavior of crvl/cnbl, cry2, cry3 and cry4 mutants was compared to that of wildtype strains on YPD solid medium containing CaC12, MnCI2, NaC1 or vanadate. The cry2 and cry3 cells were more sensitive than wild-type cells to NaC1, MnC12 and vanadate, and exhibited defects in recovery from c~-factor induced growth arrest ( Fig. 1 , Table 2 ). These results suggested the possibility that CRV2 and CRV3 might be involved in the calcineurin-mediated signaling pathway. It was noted, however, that the degree of sensitivity of these mutants to the metal ions was significantly different from that of the cnbl/crvl mutant. For example, cry2 and cry3 mutants were more sensitive to vanadate, but less sensitive to NaC1 and MnC12 than the cnbl/crvl mutant ( Fig. 1D ; Table 2 ). It was also noted that the growth rates of cry2 and cry3 mutants were slower than those of wild type and crvl/cnbl mutant strains at 30 °C, and the cry2 and 213 cry3 mutants were unable to grow at 37°C (data not shown).
CRV2 and CRV3 encode components of the MAP kinase cascade
To identify the CRV2 and CRV3 genes, gene cloning was performed, using a yeast genomic library constructed with the single-copy plasmid YCp50, on the basis of selection for the ability to complement the vanadate sensitivity of the cry2-1 and cry3-1 mutants, respectively. Vanadate sensitivity was chosen for screening, since this was the clearest phenotype of the mutants. Partial DNA sequencing of the complementing regions of the inserts revealed that CRV2 and CRV3 were identical to the previously characterized genes BCK1/SLK1/ SKC1/SSP31 (Lee et al. 1992; Costigan et al. 1992; Fields and Thorner 1991; Irie et al. 1991) and MPK1/SLT2 Torres et al. 1991) , respectively. The following observations indicated that cry3 and mpkl mutations are allelic. (i) the mpkl null mutant (Ampkl; TNP46) displayed phenotypes very similar to those exhibited by cry3, including resistance to Ca 2 +, sensitivity to Na +, Li ÷, Mn 2 + and vanadate, slower growth rate, temperature sensitivity and defects in recovery from c~-factor-induced growth arrest.
(ii) The Ampkl/crv3 diploid strain showed the same phenotype (except for the pheromone response, which is irrelevant in diploids) as Ampkl and cry3 haploid strains. (iii) Tetrad analysis of the spores of the heterozygous diploid constructed by crossing a haploid strain harboring the URA3 marker integrated at the MPK1 locus with the cry3 mutant, yielded 2:2 segregation of Ura + Crv ÷ and Ura-Crv-. Based on these observations, we concluded that cry3 was allelic to mpkl. By the similar experiments, cry2 was demonstrated to be allelic to bckl. CRV2 and CRV3 are referred to as BCK1 and MPK1, respectively, hereafter. The CRV4 gene, which complemented the crv4-mutation and encodes a novel protein which seems not to be a component of the MAP kinase cascade will be described in detail elsewhere. Mutations affecting catcineurin enhance some phenotypes of mpkl and bckl mutants Since bckl and mpkl mutants exhibit a phenotype similar to that of the cnbl mutant, we next examined the possibility that the MAP kinase cascade and the calcineurin-mediated pathway act in the same cellular process. It has been reported that mpkt and bckl mutants grow at slower rates than wild type in YPD medium at 30 ° C (Lee et al. 1992 Costigan et al. 1992 ). We first examined the effect of Acnbl mutation, which itself has no significant effect on growth, on the growth of mpkl mutants. Strains harboring various genotypes with respect to the CNB1 and MPK1 genes were constructed and their growth rates were compared (Fig. 2) . The mpkl mutant cells grew at a slower rate than wild-type cells at 30 ° C; normal growth was restored by the addition of either Ca 2 ÷ or sorbitol to the medium (data not shown). Interestingly, growth of the mpkl Acnbl mutant was very severely inhibited.
This phenotype of the double mutant was rescued well by sorbitol, but not by CaC12 (Fig. 2A) . A similar effect was observed when Acnbl was combined with bckl mutations (e.g. cry2-2). Abckl or Ampkl mutations had the same effects as the respective point mutations (data not shown). similar morphological abnormalities to bckl and mpkl mutants. The effect of Acnbl on the morphology of bckl or mpkl mutants was examined light microscopically and the incidence of abnormal cells (small and pear-shaped cells) was measured. The percentage of abnormal mpkl and mpkl Acnbl cells in medium containing sorbitol was low -1% and 4%, respectively, of total ceils. After shift to sorbitol-free medium, the percentage of abnormal cells increased with the time of incubation, and cell viability, as determined by staining with methylene blue (Sherman et al. 1986 ), decreased gradually (Fig. 2B) . By 30 rain after transfer, the percentage of abnormal mpkl and mpkl Acnbl cells was 14.2% and 27.6%, respectively, while viabilities were 94% and 91%, respectively. About 50% of abnormal cells were stainable with methylene blue 2 h after shift, and the percentages of dead cells increased with cultivation time. In wild-type and Acnbl cells cultivated under the similar conditions, abnormal cells were not detectable (data not shown). The observation that the cells with normal morphology were all viable and the presence of still viable abnormal cells suggest that mutant cells become morphologically abnormal before viability is lost, indicating that the abnormality itself is not the result of cell death. Based on these results, we concluded that the morphological abnormality due to the MPK1 defect is enhanced by the simultaneous presence of a defective calcineurin gene. Similar results were obtained with BCK1 (Fig. 2B) .
To further examine genetic interactions of the two pathways, we tested the effect of overexpression of the calcineurin genes (CMP2 and CNB1 genes, simultaneously) on the phenotypes of the mpkl mutant. Overexpression of the calcineurin genes enhances the effect of calcineurin-dependent processes, such as the tolerance to high salt (Nakamura, unpublished data) and manganese (Farcasanu et al. 1995) . The slow growth and the morphological phenotypes of the mutant were partially suppressed by overexpression of the calcineurin genes (Fig. 3A-C) . Further, the phenotype of the mpkl Acnbl or bckl Acnbl double mutant was not suppressed by Ca 2 ÷ ( Fig. 2A) , suggesting that the effect of Ca 2 ÷ is mediated by calcineurin. These results further supported the notion that the calcineurinmediated pathway and the MAP kinase cascade are functionally redundant, and these pathways are involved in the regulation of cellular processes important for growth and morphogenesis.
The defect of calcineurin-deficient mutants in recovery from co-factor-induced growth arrest can be suppressed by overexpression on MPK1
We further examined the possibility that the two pathways interact in the process of recovery from c~-factor-induced growth arrest. Since the double mutants bckl Acnbl and mpkl Acnbl had severe growth defects, it was not possible to determine the combined effect of the two mutations on this process. We, therefore, examined whether overexpression of MPK1 Can suppress the defect in the recovery of the Acnbl strain. As seen in Fig. 4 , the defect of recovery was rescued by introducing a multicopy plasmid carrying MPK1. The Fig. 2A , B mpkl and bckl mutations in combination with the cnbl null mutation display synthetic effects and the defect of the double mutants can be suppressed by sorbitol. A Growth rates were determined on YPD solid medium containing no additives (incubated for 2 days), 1 M sorbitol (3 days), 50 mM CaCI2 (2 days), or 0.7 M CaC12 and abnormal morphology phenotypes (C). A,B Cells grown in SD-Ura liquid medium containing 1 M sorbitol to mid-log phase at 28°C were inoculated into fresh YPD medium without sorbitol at a cell concentration of 1 x 105 eells/ml. Growth was monitored by measuring optical density at 600 nm. The experiment was done ten times and the results were reproducible. The result presented is from plasmid had no effect on the recovery process in wildtype cells (data not shown). The sensitivity of this strain to e-factor, as measured by the size of the halos, was unaffected by the overexpression. Overexpression of M P K 1 did not suppress other phenotypes of calcineurin mutants, such as increased sensitivity to Na ÷, Li ÷, Mn 2÷ and vanadate (data not shown). These results suggested that the two pathways also interact in the recovery process. In contrast to the effect of MPK1, BCK1 on a high-copy-number plasmid failed to suppress the phenotype (Fig. 4) .
Discussion
This report describes the isolation and the characterization of cry mutants, which exhibit similar phenotypes to those of calcineurin-deficient mutants. Calcineurin-deficient mutants and cry mutants display increased resistance to Ca 2+, increased sensitivity to various other metal ions and defects in recovery from pheromone-induced growth arrest. However, these mutants behaved differently with respect to their response to the various metal ions. The Acnbl strain was specifically sensitive to Na ÷, Li ÷, Mn 2+ and vanadate (Nakamura et al. 1992 (Nakamura et al. , 1993 (Nakamura et al. , 1995 Mendoza et al. 1994; Farcasanu et al. 1995) , while, crv2/bckl and crv3/mpkl mutants exhibited increased sensitivity to a wide range of ions and drugs, including Mg 2÷ and cycloheximide, to which the Acnbl strain showed normal sensitivity (Table 2) . Moreover, no genetic evidence was obtained for the interaction of the two pathways in determining the sensitivities to the different metal ions tested. These results suggested that, although mutants in the two pathways share some phenotypes in common, the cellular events regulated by the two pathways are distinct.
In contrast to our results, it was recently reported that mpkl does not exhibit NaC1 sensitivity (Posas et al. 1995) . This discrepancy may be explained by differences in the genetic backgrounds of the strains used. However, evidence for an interaction between the calcineurin-and the MPK1-(and BCK1)-mediated pathways was obtained from the synthetic effect generated when mutations in the two pathways were combined. Since the Acnbl mutation by itself has no detectable effect on growth in YPD medium (Liu et al. 1991; Cyert et al. 1991) , and mpkl or bckl has only a weak effect on growth at 30 ° C, the severe growth defect of the double mutants (bckl Acnbl and mpkl Acnbl) cannot be explained by a simple additive effect of the mutations in two functionally unrelated pathways. Moreover, the slow growth of the bckl and mpkl mutants is suppressed by overproduction of calcineurin or by 50 mM Ca 2 + ( Fig. 3A, B ; data not shown).
The incidence of morphologically abnormal cells in the mpkl and bckl mutant strains increased dramatically when either mutation was combined with the Acnbl, which by itself has no detectable morphological effect (Fig. 2B ). Since the growth defect and the abnormal morphology of the double mutants (bckl Acnbl and mpkl Acnbl) could be rescued by sorbitol, these phenotypes are likely to be due to a defect in the cell surface. The slow growth and the abnormal morphology of bckl and mpkl mutants is suppressed by adding CaC12 (e.g. 50 mM) to the medium, indicating that a Ca 2+-activated pathway is involved in this process (data not shown). Calcineurin is likely to be involved in this event, because Ca 2+ had no effect on the bckl Acnbl or mpkl Acnbl double mutant lacking functional calcineurin. Based on the results of the present study, we propose a model in which the calcineurin-mediated pathway and the Mpk-l-(Bckl-) mediated pathway act redundantly in the regulation of the cellular processes important for growth and morphogenesis. Because the effect of the mutations of calcineurin and Mpkl (or Bckl) was synergistic, the two signaling pathways seem to act in parallel. Since MPK1/SLT2 is implicated in cell wall construction (Torres et al. 1991; Mazzoni et al. 1993) , the increased ion sensitivity of mpkl and bckl mutants could be due to defects in the cell wall. This possibility is supported by the protective effect of sorbitol on the bckl Acnbl and mpkl Acnbl double mutants. However, the reason for the increased Ca 2 + resistance of the cnb 1 and mpkl (or bckl) mutants cannot be explained by this hypothesis. Since a defect in calcineurin by itself had no detectable effect on growth rate and morphology, and the defect in the MAP kinase pathway resulted in slow growth and morphological abnormality, the contribution of the calcineurin-mediated pathway to this process is relatively small, and is not sufficient to support normal cell growth and morphology. The suppression of the phenotypes of mpkl by Ca 2 + or by overexpression of calcineurin genes is consistent with this interpretation.
Other mutations which have synergistic effects when combined with the mpkl or bckl mutation have been reported (Brown et al. 1994; Costigan et al. 1992; Mazzoni et al. 1993; Lee et al. 1993; Roemer et al. 1994; Yoshida et al. 1994) . Among these, mutations in the nonessential gene SPA2, which is involved in the pheromone response cause a penotype that is similar, although not identical, to that of calcineurin mutants (Costigan et al. 1992) . Correlation of SPA2 with the present study is not known. A mutation (fksl) which causes hypersensitivity to FK506 was recently identified. FKS1 encodes a subunit of fi-l,3 glucan synthase. Afksl is synthetically lethal in combination with the calcineurin deletion mutation (Parent et al. 1993; Douglas et al. 1994; Eng et al. 1994; Garrett-Engele et al. 1995) . Further, defects in the two homologous genes FKS1/GSC1 and FKS2/GSC2, encoding subunits of 1,3-fi-D-glucan synthase isozymes in combination are synthetically lethal, and the induction of FKS2-transcription occurs in a calcineurin-dependent manner (Mazur et al. 1995; Inoue et al. 1995) . It is therefore conceivable that MPK1 is involved in the regulation of FKS1, and the synthetic effect of the defects in calcineurin and Mpkl is due to defects in the two fi-l,3 glucan synthases. In an analysis of the mutations which cause synthetic lethality in combination with calcineurin mutations, Garrett-Engele et al. (1995) identified FKS1, MPK1 and PKC1 genes. They further demonstrated that the defects in FKS1 and MPK1, in combination, are synthetically lethal. Lack of KRE6, which is involved in /?-1,6 glucan synthesis, is also known to be lethal in the absence of MPK1 (Roemer et al. 1994) . Based on these observations, it seems unlikely that FKS1 is the downstream target of MPK1. Analysis of the relationship between the MPKI-mediated pathway and FKS1 or other genes involved in the synthesis of the cell wall will be important for the understanding the physiological roles of the pathways.
The involvement of calcineurin-and Mpkl (Bckl)-mediated pathways in the recovery process from growth arrest induced by mating pheromone is also suggested, mpkl (or bckl) and Acnbl mutants showed apparently similar defects in recovery from pheromone-induced growth arrest. The Acnbl defect was suppressed by multicopy plasmids containing MPK1, but not by BCK1 (Fig. 4) . BCK1-20, a dominant activated form of BCK1 could not suppress this phenotype (data not shown; Garrett-Engele et al. 1995) , for unknown reasons. Overexpression of the calcineurin genes could not suppress the defect in mpkl or bckl mutants. This may be explained as follows. Viability of the Acnbl strain after 4 h of treatment with a-factor (25~tg/ml) in YPD medium was high (95-100%, as judged by staining with methylene blue), while about 50% of cry2 and cry3 mutant cells lost viability under similar conditions. Thus, the MAP kinase pathway may be required, in addition to the function that overlaps with calcineurin, to maintain cell viability during the response to the mating pheromone (Costigan et al. 1992 ).
We do not know whether the common phenotypes (synthetic growth defect and the defect in recovery from e-factor-induced growth arrest) of calcineurin-deficient and mpkl (and bckl) mutants are caused by defects in two unrelated cellular events, or caused by disruption of a single process, such as cell wall synthesis. The identification and the characterization of the event regulated by the two pathways is essential for the understanding of the physiological significance of the interaction between the two Ca 2 +-triggered signaling pathways.
